The structure of a previously unreported polymorph of anhydrous theophylline (1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione), C 7 H 8 N 4 O 2 , has been determined at 100 K and shown to have monoclinic symmetry with Z 0 = 2. The structure is named form IV and experimental observation indicates that this is the stable form of the material. The molecular packing consists of discrete hydrogen-bonded dimers similar to that observed in the monohydrate structure. The structure of form I has also been determined and consists of hydrogen-bonded chains.
Comment
Theophylline, (1), is a bronchodilator used to treat asthma in an oral dosage form. The hydration behaviour and solid-state chemistry have been studied (Wikstroem et al., 2008; Amado et al., 2007) and the compound is known to exist as a monohydrate form (form M; Sun et al., 2002) , and three anhydrous polymorphs, viz. forms I, II and III, have also been reported (Ebisuzaki et al., 1997; Suzuki et al., 1989; Matsuo & Matsuoka, 2007) . Theophylline has been shown to convert between the monohydrate and anhydrous form II depending on the humidity or water activity of the solvent environment (Zhu et al., 1996) . The pharmaceutical properties of both the anhydrous and monohydrate material have been studied and shown to differ (Phadnis & Suryanarayanan, 1997) .
Monohydrate form M has a channel hydrate structure which has been shown to lose water, either in low humidity or at temperatures above 353 K, to produce form II anhydrous material (Zhu et al., 1996; Ticehurst et al., 2002) . The monohydrate packing [Sun et al., 2002; Cambridge Structural Database (CSD; Allen, 2002) refcode THEOPH01] consists of hydrogen-bonded dimer pairs which link via further hydrogen bonding with water molecules to form chains.
The form II structure has been determined (Ebisuzaki et al., 1997 ; CSD refcode BAPLOT01) and consists of two bifurcated C-HÁ Á ÁO hydrogen bonds and one N-HÁ Á ÁN hydrogen bond. The molecules join via these bonds to form chains. Unlike the monohydrate, there are no discrete dimers present in the crystal structure of form II.
Form I is reported to be the stable form at higher temperatures. Its powder pattern has been presented in the literature (Suzuki et al., 1989) , but its structure has not been reported previously.
Form III is a highly metastable form and rapidly converts to form II. Its powder pattern has been reported (Matsuo & Matsuoka, 2007) but its structure has not been obtained owing to its metastable nature.
Recently, a fourth anhydrous polymorph of theophylline was identified (Seton et al., 2010) . Form IV occurs as a result of slow, solvent-mediated conversion from form II or form I, and is therefore identified as the most thermodynamically stable anhydrous polymorph of theophylline. Form IV can be identified from its plate-like hexagonal morphology, distinct from the elongated morphology observed in particles of forms I, II and the monohydrate. On heating, form IV does not melt but undergoes solid-state conversion to form II at 483-513 K (Khamar et al., 2011) . This paper presents the structure of this previously unreported anhydrous polymorph of theophylline, and the structure of the high-temperature anhydrous polymorph, form I.
The structure of form IV is monoclinic and, unlike the other anhydrous polymorphs, has two molecules in its asymmetric unit, as shown in Fig. 1 . These two molecules form a dimer pair with an R 2 2 (10) motif (Bernstein et al., 1995) A view of the two independent molecules in the asymmetric unit of form IV. Displacement ellipsoids are drawn at the 50% probability level and H atoms are shown as spheres of arbitrary radii.
contact is formed by donation via C11-H11Á Á ÁO2(Àx, y À 1 2 , Àz + 1 2 ) and a second by accepting via N11 at (x, Ày + 1 2 , z + 1 2 ) a short contact from C1-H1. These short contacts link the dimers into a two-dimensional network parallel to the (110) plane. In addition, there are -stacking interactions between the fused rings of pairs of molecules of the same unique type (atoms O1 to C8). The centroid-centroid distance between the five-membered and opposing six-membered rings is 3.3686 (12) Å , with an interplanar angle of 0.17 (11) . The hydrogen-bonding pattern of the basic nitrogen (N in the imidazole ring) is interesting. It is a good acceptor according to Etter's rules (Etter, 1990) , but because of insufficient donors, only atom N11 of the asymmetric unit is involved in a contact and not N1. These short contacts link the dimers into chains, and chains of dimers stack in layers related by an inversion centre, as displayed in Fig. 2 . This dimerization is similar to the packing motif observed in the monohydrate structure and in a number of cocrystals of theophylline (Trask et al., 2006) and may account for the thermodynamic stability of the structure compared with the chain motif of form II.
Both forms I and II are known to immediately convert to the monohydrate on contact with water (Suzuki et al., 1989) and therefore the monohydrate structure is considered to be the most thermodynamically stable structure for the theophylline molecule in an aqueous environment. It is not unreasonable therefore that the dimer-based structure of form IV, containing the same dimer pair motif as the monohydrate, is the most thermodynamically stable of the observed anhydrous forms. It has been observed that, like forms I and II, form IV will convert to the monohydrate on contact with water, further stability being conferred by the hydrogen bonding of the dimer pairs with the water molecules. The asymmetric unit of form I. Displacement ellipsoids are drawn at the 50% probability level and H atoms are shown as spheres with arbitrary radii. The asymmetric unit of the high-temperature polymorph, form I, is shown in Fig. 3 . The structure consists of extended chains formed by hydrogen bonding between N2-H2 and O2(À 1 2 + x, 1 2 À y, À1 + z), as shown in Fig. 4 . Chains are joined by a weak contact from C1-H1Á Á ÁN1(Àx, 1 À y, À 1 2 + z) which has the effect of generating a three-dimensional network. The hydrogen-bonded chains run parallel to the (201) plane and are stacked with a -interaction between the fused rings of adjacent molecules related by translation along the c axis. The centroid-centroid distance between the strictly parallel five-membered rings is 3.854 (7) Å , with an offset of 1.871 Å , and between the six-membered rings the centroid-centroid distance is 3.703 (6) Å .
Experimental
Anhydrous theophylline purchased from Sigma Aldrich UK was identified as form II and used as received. To prepare form IV, a saturated solution of theophylline was prepared by suspending excess form II in a methanol-water mixture (9:1 v/v) for 1 h at 318 K and then filtering with a syringe filter of 0.45 mm size. The filtered solution was cooled to room temperature. After 1 h, needle-like crystals were observed which were held in contact with the mother liquor for two months. Over this period, the morphology of the crystals was observed to change, with hexagonal plates being observed after several days, indicating the solvent-mediated transformation to form IV. Form I could not be obtained by solution methods and was prepared by heating form II in glass vials at 538-541 K for 2 h. The crystals undergo solid-state conversion and in doing so the parent crystal laminates to produce very fine needles of form I. The quality of the crystals was poor; they contained cracks and defects introduced during the phase transition.
Form IV
Crystal data The positions of the H atoms of form IV were refined freely with freely refined individual isotropic displacement parameters. The H atoms of form I were constrained with N-H, C1-H1 and C-H(methyl) distances of 0.88, 0.95 and 0.98 Å , respectively, with U iso (H) = 1.5U eq (C) for the methyl groups and 1.2U eq (C,N) otherwise.
The quality of the form I crystals, which were obtained by solidstate conversion, was poor. The best crystal was selected from several samples but it was not possible to obtain a high-quality crystal without defects. The dimensions of the crystals were such that data collection was only just possible. The crystal diffracted poorly and reflection intensity was extremely weak so that a scan time greater than 30 h produced 90% completion. Further collection was not possible due to the quality and size of the crystal.
For both compounds, data collection: COLLECT (Hooft, 1998 ); cell refinement: SCALEPACK (Otwinowski & Minor, 1997) ; data reduction: DENZO (Otwinowski & Minor, 1997) and SCALEPACK; program(s) used to solve structure: SIR92 (Altomare et al., 1994 ); program(s) used to refine structure: SHELXL97 (Sheldrick, 2008) ; molecular graphics: ORTEP-3 for Windows (Farrugia, 1997) ; software used to prepare material for publication: WinGX (Farrugia, 1999) . Table 1 Hydrogen-bond geometry (Å , ) for IV. Table 2 Hydrogen-bond geometry (Å , ) for form I. DK acknowledges the School of Pharmacy and Biomolecular Sciences, LJMU, for funding.
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